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Abstract 

Toll-like receptor 4 (TLR4) are important in inflammation and regulating vascular smooth muscle cells (VSMCs) proliferation, 
which are related to atherosclerosis and restenosis. We have investigated the mechanisms involved in Lipopolysaccharide 
(LPS)-induced proliferation of VSMCs. Stimulation of rat aortic VSMCs with LPS significantly increases the proliferation of 
VSMCs. This effect is regulated by Racl (Ras-related C3 botulinum toxin substrate I), which mediates the activation of 
phosphatidylinositol 3-kinase/Akt (PI3K/Akt) signaling pathways. Inhibition of Racl activity by NSC23766 is associated with 
inhibition of Akt activity. Treatment with NSC23766 or LY294002 significantly decreases LPS-induced TLR4 protein and 
mRNA expression. The data show that positive feedback regulation of proliferation in VSMCs is mediated through the TLR4/ 
Racl /Akt pathway. 
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Introduction 

Abnormal proliferation of VSMCs are centrally involved in the 
pathogenesis of early pathological vascular hyperplasic lesions, 
such as atherosclerosis and restenosis, after percutaneous coronary 
intervention (PCI) and in the development of hypertension [1,2]. 
Finding the gene that regulates cell proliferation would help in 
preventing vascular hyperplastic disease. 

Toll-like receptors (TLRs) are one of pathogen pattern 
recognition receptors. They can activate the regulation of innate 
and adaptive immunity involved in the inflammatory response [3] . 
TLR4, an important member of the TLRs families, may be 
intimately involved in the development and incidence of vascular 
hyperplastic lesions [4]. Epidemiological research suggests that 
LPS is a strong risk factor for cardiovascular disorders [5]. 
Previous studies have also demonstrated that TLR4 is abundandy 
expressed in the surface of macrophages, neutrophils, and 
dendritic cells [6]. An association between the functional 
expression of TLR4 and the subsequent augmentation of intimal 
hyperplasia has been described [7]. TLR4 exists in VSMCs, and 
may be implicated in restenosis, and therefore may make a 
fundamentally significant contribution to the crucial pathophysi- 
ological relationship between inflammation and cardiovascular 
disorders [8] . LPS-induced systemic inflammatory responses could 
exacerbate neointima formation after balloon injury and stent 
implantation, with the resulting proliferation of VSMCs playing a 
key role in atherogenesis. 

PI3K is upstream of NF-kB pathway activation, and the NF-kB 
signal transduction pathway is the most important downstream 
pathways mediated by LPS signal pathways [9] . Rac 1 participates 



in the LPS-mediated signal transduction [10]. TLR2 mediated 
NF-kB activation requires a Racl -dependent pathway [11]. 
Whether Racl participates in LPS-induced TLR4 activation on 
regulation of VSMCs proliferation has not been reported. 

LPS is considered to be a strong stimulator for the pathogenesis 
of atherosclerosis, and low concentrations of LPS induce potent 
inflammatory activation in intact human blood vessels. VSMCs 
also exhibit lower expression of TLR4 under basal conditions. LPS 
treatment can upregulate TLR4 expression and promote a pro- 
inflammatory phenotype in VSMCs, which may potentially be 
involved in vascular inflammation [12]. However, the function 
and mechanisms of how LPS affects VSMCs proliferation remain 
obscure. 

Materials and Methods 

Cell Culture 

Thoracic aortas were resected from Sprague-Dawley rats (8-10 
weeks old, male or female, 200 ±20 g, provided by the Institute of 
Laboratory Animal of Xuzhou Medical College). The experimen- 
tal protocols particularly in respect to the ethical animal care and 
use of animals were approved by the ethical Committee in Xuzhou 
Medical College. Cells were used at passages 3 to 8. Primary 
VSMCs culture was prepared from the aortas using the explant 
technique. VSMCs were maintained in Dulbecco's modified eagle 
medium (DMEM, Hyclone, USA) containing 10% heat-inactivat- 
ed fetal bovine serum (FBS, Gibco/Invitrogen, USA), 100 U/ml 
penicillin, and 100 mg/ml streptomycin at 37°C under air with 
5% C02. The cells were serum-starved for 24 h before treatment 
or stimulation with reagents. 
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Figure 1. Effect of LPS on VSMC proliferation, (a) VSMCs were cultured in 96-well plates and incubated with 0, 1, 5, 10, 20 or 100 ug/ml 
concentration of LPS for 24 h. Then, the cell viability rate was determined by MTT assay as described in Materials and Methods section. Cell 
proliferation rate in the absence of treatment (control) was taken as 100%. (&compared with Control group, P>0.05; *compared with Control group, 
P<0.05; **compared with 10 ug/ml group, P>0.05; # compared with 10 ug/ml group, P<0.05). (b)(c)VSMCs were stimulated by 10 ug/ml LPS for 24 
hours after 25 umol/L NSC23766 (Rac1 inhibitors) pretreatment 24 h or 10 umol/L LY294002 (Akt inhibitors) pretreatment 1 h, Cell proliferation was 
measured by cell counting. Data were obtained from three independent experiments and expressed as indicated. (*compared with Control group, 
P<0.05; # compared with LPS group, P<0.05). 
doi:1 0.1 371 /journal.pone.0092398.g001 



Analysis of Cell Viability 

Cell viability was measured by the MTT assay and cell 
counting. VSMCs were stimulated with LPS at from 0 to 100 ug/ 
ml for 24 h before MTT solution was added at 0.5 mg/ml, and 
were incubated at 37°C for 1 h. After removing the medium, 
150 ul DMSO was added and the optical density of each well read 
at 590 nm. For the cell counting assay, VSMCs (1 x 105/ml) were 
present in 12-well plates. After incubation with LY294002 
(10 umol/ml) 1 h or NSC23766 (25 umol/m) 24 h separately, 
VSMCs were stimulated with 10 ug/ml LPS for 24 h and the 
number of cells in each well counted after treatment. 

5-ethynyl-2'-deoxyuridine (EdU) Staining 

EdU staining used CeU-LightTM EdU Kit (Rui Bo Guangzhou 
Biotechnology Limited Company, China) with modifications [13]. 
VSMCs in logarithmic growth phase were seeded in 6-well plates 
and stimulated with LPS (10 ug/ml) in the presence or absence of 
NSC23766 (25 uM) 24 h or LY294002 (10 uM) 1 h. Each well 



was treated with 500 ul EdU (50 uM) and incubated for 2 h. After 
washing in 2 mg/ml glycine solution diluted in double distilled 
water for 10 min, the sections were permeabilized with 0.5% 
Triton X- 1 00 in PBS for 1 0 min, and washed with PBS for 5 min. 
Apollo reaction buffer liquid, catalyst, fluorescent dyes and buffer 
additives were dissolved in deionized water, and shaken to make 
the Apollo 567 staining reaction solution. The sections were 
incubated for 30 min in the dark, and washed twice with PBS for 
10 min. For DNA staining, sections were counterstained with 
500 ul IX Hoechst 33342 for 30 min in the dark. The slides were 
washed twice with PBS for 3 min, and examined immediately 
under a fluorescence microscope (magnification x400). All the 
procedures were done at room temperature. An Olympus BX51 
microscope (Olympus, Japan) was used to detect EdU-positive 
cells. Images of the Apollo 567 were taken with a "red" filter set: 
excitation 550 nm, emission: 565 nm, filter: 555 ±15 nm. Images 
of the Hoechst 33342 were taken with a "blue" filter set: 
excitation: 350 nm, emission: 461 nm, filter: 405±15 nm. 




Figure 2. Detection of EdU incorporated into the DNA of cultured VSMCs by fluorescence microscopy. VSMCs were pretreated with 
NSC23766 (25 umol/ml) 24 h or LY294002 (10 ug/ml) for 1 h before adding LPS (10 u mol/ml). Each well was treated with 500 ul EdU (50 umol/ml) 
and incubated for 2 h. After incubation, whole-cell extracts were prepared, and detected by EdU assay as described in Materials and Methods section. 
doi:1 0.1 371 /journal.pone.0092398.g002 
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Figure 3. LPS Induces Akt and Racl activation and increased TLR4 Protein Expression in VSMCs. Racl activity was analyzed by GST pull- 
down methods (Figure 3a). Bar graphs show the relative intensity of each band (relative to that of total Racl ), which was measured by densitometry. 
The phosphorylation of Akt (Figure 3b and 3c) and the expression of TLR4 protein (Figure 3d) were analyzed by Western blotting. Bar graphs 
(Figure 3b, 3c, 3d) show the relative intensity of each band (relative to that of p-actin), which was measured by densitometry. Data represent the 
results of three independent experiments (means±SEM;*compared with Control group, P<0.05; # Compared with LPS (15 min) group, P<0.05). 
doi:1 0.1 371 /journal.pone.0092398.g003 



Western Blot Analysis 

Western blot analysis was used to determine the levels of TLR4 
and Racl, and activation of p-Akt (308), p-Akt (473) in VSMCs 
stimulated with LPS (10 ug/ml, Sigma, USA; 98% purity). 



Twenty ug protein were resolved on 10 or 12% SDS-polyacryl- 
amide gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene fluoride (PVDF) membranes, which were blocked 
with 5% BSA. The PVDF membranes were probed with primary 
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Figure 4. Role of Rac1 activity in LPS-induced Akt phosphorylation. VSMCs were stimulated by 10 ug/ml LPS for 1 h after being pre-treated 
with 25 umol/L NSC23766 for 24 h and then the phosphorylation of Akt was analyzed by Western blotting. Bar graphs show the relative p-Akt 
intensity of each band (relative to that of Akt), which was measured by densitometry. Data represent the results of three independent experiments 
(means±SEM; *compared with Control group, P<0.05; &compared with Control group, P<0.05; **compared with LPS group, P<0.05, # compared 
with Control group, P>0.05). 
doi:1 0.1 371 /journal.pone.0092398.g004 



antibodies (Cell signaling), anti-TLR 4 antibody, anti-Rac 1/2/3 
antibody, anti-p-Akt (308) antibody, and anti-p-Akt (473) anti- 
body, being incubated overnight at 4°C. The membranes were 
washed in PBS-0.1% Tween 20 and incubated with HRP- 
conjugated secondary antibodies for 1 h at room temperature. 
After successive washes, the membranes were developed using an 
ECL kit. Mouse anti-P-actin was used as a loading control. Protein 
expression levels were quantified as optical densities. 

Pull-Down Assay for Rac1 Activity 

Rac 1 activation was measured using a glutathione S-transferase 
(p21 -activated kinase)-p21 binding domain (GST- [PAK]-PBD) 
fusion protein, which binds activated Racl. VSMCs were lysed 
and centrifuged at 12,000 xg for 10 min at 4°C. The supernatant 
was collected and incubated with GST-(PAK)-PBD fusion 
protein. The protein-bead complexes were recovered by centrifu- 
gation and washed. After successive washes, the protein-bead 
complexes were resuspended in SDS and resolved on 12% SDS- 
PAGE. The proteins were transferred to PVDF membrane and 
the membrane was incubated with mouse anti-Rac 1 antibody 
(Cell Signaling, USA) and HRP-conjugated secondary antibody. 
Activated Racl was detected using an ECL kit. 

Quantitative Real-time Polymerase Chain Reaction (qRT- 
PCR) 

Total RNA was isolated with TRIzol reagent kit (Invitrogen, 
CA, USA). cDNA was synthesized from 2 |lg of total RNA by 
using Script M-MLV (Tiangen Biochemical Technology, China). 
Real-time polymerase chain reaction (PCR) used 2xSuperReal 
PreMix Plus (SYBR Green, Tiangen Biochemical Technology, 
China) and 50 x ROX Reference Dye on ABI7500 QPCR 
System. SuperReal PreMix Plus was activated by incubation at 
95°C for 15 min, before 40 cycles of 95°C for 10 s, 58°C for 30 s, 
and 72°C for 32 s. Fluorescence was measured using ABI7500 
after the 72°C extension step. The samples were run in triplicate. 
P-actin was used as an internal control. A melting-point 
dissociation curve generated by the instrument was used to 
confirm that only a single product was present. Quantification of 
relative gene expression was calculated by the comparative Ct 
method (2-AACT). Results were expressed as relative to control. 



PCR primers used for the amplification of TLR4 and P-actin 
mRNAs were designed by Invitrogen. 

TLR4 forward primer: 5' C C TTAAAG AAAC - 
TAAATGTGGCTCA 3' 

Reverse primer: 5' TCTAAAGAGAGATTGACTTGGGGAT 

3' 

P-actin forward primer: 5' CCCATCTATGAGGGTTACGC 

3' 

Reverse primer: 5' TTTAATGTCACGCACGATTTC 3'. 
Statistical Analysis 

Data were expressed as means ±SEM. Statistical evaluation 
used one way ANOVA by GraphPad Prism 5.0, and P<0.05 was 
considered to be significant. 

Results 

1. LPS Stimulates VSMCs Proliferation, and can be Partly 
Blocked by Pre-incubation with LY294002 or NSC23766 

To investigate the effect of LPS on proliferation, VSMCs were 
stimulated with different concentrations LPS for 24 h before MTT 
assay. Compared to the control group, LPS stimulated prolifer- 
ation of VSMCs at 10 ug/ml (Fig. la). The number of VSMCs 
significantly increased after 10 u.g/ml LPS treatment compared to 
the non-stimulated group, and the increased cells were reduced 
after pre-incubation in LY294002 (10 |imol/ml). Cell counts 
showed that LY294002 partially blocked LPS-stimulated VSMCs 
proliferation, indicating that Akt mediates VSMCs proliferation 
(Fig. lb). _ 

Rac 1 is important in regulating cell proliferation of some cancer 
cell lines. Similarly, cell count assay showed that pre-incubation in 
NSC23766 (25 umol/ml) partially blocked LPS-stimulated 
VSMCs proliferation, indicating that Racl mediates VSMCs 
proliferation (in Fig. lc). 

EDU assay demonstrated that pre-incubation in 
LY294002(10 umol/ml) or NSC23766 (25 umol/ml) partially 
blocked LPS-stimulated VSMCs proliferation, indicating that 
Akt and Racl mediates VSMCs proliferation (Fig. 2). 



PLOS ONE | www.plosone.org 



4 



March 2014 | Volume 9 | Issue 3 | e92398 



Positive Regulation of Proliferation in VSMCs 




a 2.0n 






Figure 5. Role of Racl and Aktl in LPS induced TLR4 expression. VSMCs were stimulated by 10 ug/ml LPS for 2 h after being pretreated with 
25 umol/L NSC23766 for 24 h (Figure 5a, 5c) or 10 umol/L LY294002 for 1 h (Figure 5b, 5d). Then the expression of TLR4 protein was analyzed by 
Western blotting and TLR4 mRNA analyzed by RT-PCR. Bar graphs show the relative intensity of each band (relative to that of p-actin), which was 
measured by densitometry. Data represent the results of three independent experiments # compared with Control group, P<0.05; *compared with 
LPS group, P<0.05). 
doi:1 0.1 371 /journal.pone.0092398.g005 
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Figure 6. LPS stimulates VSMCs proliferation via TLR4/Rac1/Akt signaling pathway, and there is positive feedback. (The dotted line 
means TLR4 may activate other molecules such as IRAK, MYD88, and then activating PI3K). 
doi:1 0.1 371 /journal.pone.0092398.g006 



2. LPS Induces Akt and Rad Activation and Increases 
TLR4 Protein Expression in VSMCs 

Cells were lysed and protein was extracted from VSMCs after 
stimulation with 10 ug/ml LPS for 0, 15, 30, 60, or 120 min. 
Racl activity was measured with GST pull-down assays. There 
was transient activation of Rac 1 after stimulation with 1 0 (ig/ ml 
LPS for 15 min (Fig. 3a). Expression of p-Akt (308) (Fig. 3b) and p- 
Akt (473) (Fig. 3c) protein levels were elevated and reached a 
maximum at 60 min after stimulation with LPS. Similarly, the 
expression of TLR4 protein increased and reached a maximum at 
120 min after stimulation with LPS (Fig. 3d). 

3. NSC23766 Inhibits LPS-induced Akt Phosphorylation 

To study the role of Racl in LPS-induced Akt activation, 
VSMCs were pretreated with 25 umol/ml NSC23766 (Racl 
inhibitor) for 24 h before LPS (10 ug/ml) treatment, and p-Akt 
(308) and p-Akt (473) expression was analyzed by Western Blot. 
Pretreatment of VSMCs with NSC23766 partially inhibited LPS- 
induced p-Akt (308) (Fig. 4a) and p-Akt (473) (Fig. 4b) expression, 
indicating that Racl mediates p-Akt (308) and p-Akt (473) 
expression in VSMCs stimulated by LPS. 

4. LPS-induced TLR4 Protein and mRNA Expressions is 
Mediated by Racland Akt Activation 

To explore the role of Rac 1 and Akt 1 in LPS-induced TLR4 
expression, VSMCs were pretreated with 25 umol/ml NSC23766 
for 24 h, or 10 umol/ml LY294002, for 1 h before LPS treatment. 
TLR4 protein expression was analyzed by Western Blot. 
Pretreatment of NSC23766 or LY294002 significantly inhibited 
LPS-induced TLR4 protein expression (Fig. 5a and b), indicating 
that both Racl and Akt can mediate TLR4 protein expression. 



Real-time PCR demonstrated that LPS-induced TLR4 mRNA 
expression was reduced by 25 umol/ml NSC23766 (a Racl 
inhibitor) or 10 umol/ml LY294002 (an Akt inhibitor) (Figure 5c 
and d). LPS-induced TLR4 mRNA expression was significandy 
reduced by NSC23766 or LY294002, suggesting that both Racl 
and Aktl are also involved in LPS-induced TLR4 mRNA 
expression. 

Discussion 

We have confirmed that LPS is a strong stimulator for VSMCs 
proliferation. The new findings concern the mechanism of LPS 
action on VSMCs proliferation, and the signaling pathway 
involved, which may be potential therapeutic targets for treating 
atherosclerosis. Rac 1 -mediated Akt activation is critical in LPS 
enhancement of TLR4 expression in VSMCs. The data provide 
evidence for the direct involvement of LPS-mediated VSMCs 
proliferation, which may contribute to the progression of 
cardiovascular disorders. 

LPS initiated TLR4 receptor-mediated signaling pathway is of 
pivotal importance in vascular remodeling and neointimal 
formation after vascular injury [14]. Inhibiting the TLR4- 
mediated signaling pathway can prevent atherosclerosis develop- 
ing, as has been verified in some in vitro studies [15]. In the 
carotid artery injury model, blocking TLR4 can reduce restenosis. 
Therefore, inhibition of LPS-mediated VSMCs proliferation and 
migration may a novel way of intervening in vascular hyperplastic 
disease [16]. However, the concrete mechanism of TLR signaling 
pathways in VSMCs proliferation and neointimal hyperplasia 
remain to be elucidated. 

LPS is a strong stimulator of the pathogenesis of atherosclerosis 
[17]. LPS-induced TLR4 receptor activation involves many signal 
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cascade reactions, including PI3K, mitogen-activated protein 
kinase (MAPKs), and IL- 1 R-associated kinases (IRAKs), all 
involved in cell proliferation and migration [18,19]. IL-1R and 
TLRs share a common signaling pathway in leading NF-kB 
nuclear translocation involving myeloid differentiation protein 88 
(MyD88), IRAK, tumor necrosis factor receptor-associated factor 
6 (TRAF6) and IKKs [20,21]. As an important factor for 
stimulating VSMCs proliferation, it is unclear how LPS influences 
TLR4 regulation of specific signaling pathways that promote 
VSMCs proliferation. 

The Akt signaling pathway is associated with vascular inflam- 
mation, modulated by ROS [22]. Aktl is downstream of PI3K 
signaling pathway, which is involved in many important intracel- 
lular physiological processes, including cell cycle regulation, 
survival, growth and migration [23]. Multiple growth factors 
through PI3K/Akt signal transduction pathway and Ser473 and 
Thr308 sites phosphorylation are necessary for Akt activation [24] . 
Akt activation is critical in the cellular responses associated with 
inflammatory stimuli, such as LPS and PDGF [25]. Hattori 
[26] reported that IFN/LPS promotes p-Akt expression in 
VSMCs. Lin reported that LPS induces TLR4 expression in 
VSMCs via MAPKs signaling pathways [27]. Whether LPS 
induces TLR4 expression in VSMCs via Akt needs further 
discussion. 

More attention is now being paid to the role of the NADPH 
oxidase subunit in atherosclerotic lesions [28,29]. Racl, called the 
Ras related C3 botulinum toxin substrate 1, belongs to the family 
of Rho-GTP enzymes located within the cell membrane. Racl- 
regulated signaling can be mediated by a variety of downstream 
effectors, such as NF-kB [30] and HIF (hypoxia-inducible factor). 
Ferri reviewed the role of small GTPase protein Racl in 
cardiovascular diseases [31]; Rac-1 promotes pulmonary artery 
smooth muscle cell proliferation [32]. As a classic molecule for 
promoting cell proliferation and migration [33,34], previous 
reports have shown that Racl initiates Akt activation, and has 
an important function in regulating proliferation and migration in 
other cell lines [35]. John reported that Racl participates in LPS 
activation of TLR4 expression [36] . In the carotid artery injury 
model, Ohkawara [37] reported that Racl activity is higher in 
atherosclerosis plaques, and is proportional to the degree of 
hardening of the arteries. Inhibition of Racl can inhibit VSMC 
proliferation induced by PDGF [38] and EGF [39]. Based on this 
information, inhibition of Racl presumably suppresses the 
proliferation of VSMCs induced by LPS. Indeed, our results 
show that LPS stimulates VSMCs proliferation, which can be 
partly blocked by pre-incubation with NSC23766. 

PI3K can serve as an activator or effector of Racl in a stimulus- 
and cell-dependent manner [40,41]. Both Akt and Racl are 
downstream of the LPS signal pathway [42], suggesting Racl, Akt 
and TLR4 expression are heavily involved in VSMCs proliferation 
induced by LPS. p-Akt was pardy inhibited by NSC23766. Other 
studies have shown that Racl mediates the pro-inflammatory 
phenotype of VSMCs, and that LPS treatment upregulates Racl 
expression, which potentially may be involved in vascular 
inflammation. In our work, VSMCs express p-Akt protein under 
basal conditions, which suggests that Racl has a function in LPS- 
induced p-Akt expression. 

To explore the potential mechanisms in LPS-induced VSMCs 
proliferation, we studied the expression and activity of membrane- 
bound Racl activation, p-Akt (308) and p-Akt (473) expression 
and total TLR4 expression after LPS stimulation. Racl activity 
and p-Akt and TLR4 expression are gradually raised; Racl 
activation, and p-Akt (308), p-Akt (473) and TLR4 expression 
reached their highest peak at 15, 60 and 120 min, respectively. 



The activity time of the signal pathway suggests that p-Akt, TLR4 
and GTP-Racl expression are involved in signaling cascades. 

NSC23766 was used to confirm this regulation; thus the role of 
Racl in LPS-induced Akt phosphorylation was examined. 
Inhibition of Racl partially abolished p-Akt (308) and p-Akt 
(473) expression. Other studies have suggested that TLR4 
mediates the pro-inflammatory phenotype of VSMCs, and that 
TLR4 expression is involved in vascular inflammation [43,44] . To 
explore the role of Racl and Akt in LPS-induced TLR4 
expression, NSC23766 and LY294002 were given as pretreat- 
ments. VSMCs displayed a constitutive low-level expression of 
TLR4 protein under basal conditions. LPS-induced TLR4 
expression in VSMCs could be partially blocked by pre-incubation 
NSC23766 or LY294002, which shows that both Racl and Akt 
are involved in LPS-induced TLR4 expression. The results also 
show that the difference in the expression of TLR 4 in LPS 
stimulation after NSC23766 or LY294002 pretreatment groups 
has statistical significance compared with control group. Thus 
there may be other mechanisms involved in the regulation of 
TLR4 expression in VSMCs. 

In summary, LPS-initiated TLR4 promotes rat aortic SMC 
proliferation, and inhibition of Rac 1 or Akt activation can inhibit 
rat aortic SMC proliferation induced by LPS, respectively. LPS 
promotes Racl activation, upregulates p-Akt expression and 
increases TLR4 expression in rat aortic VSMCs. Racl mediates 
p-Akt (308) and p-Akt (473) protein expression that have been 
stimulated by LPS. Inhibition of Racl or Akt activation can 
reduce TLR4 expression induced by LPS. Our findings suggest 
that LPS promotes rat aortic SMC proliferation associated with 
cardiovascular diseases, and a positive feedback regulation of 
VSMCs proliferation is mediated through TLR4/Racl/Akt 
signaling pathway (Fig. 6). 

However, our experiments have some limitations. Although it 
has been reported that deficiency of TLR4 is associated with 
reduced atherosclerosis in mice and attenuated pro-inflammatory 
state in diabetic mice, it remains unknown whether treatment with 
TLR4 antagonists reduces atherosclerosis in non-diabetic and 
diabetic mice [45]. We did not examine whether LPS adminis- 
tration affects the expression of TLR4 in vivo. It is unknown 
whether downregulation of TLR4 can prevents the effect of LPS 
on VSMCs proliferation. It is also unknown whether LPS 
promotes VSMCs migration and possesses the same positive 
feedback regulation through the TLR4/Racl/Akt pathway. 
Others have begun pay attention to the regulatory role of Rac 1 
in in cardiovascular disease. However, the relationship between 
Racl and TLR signaling pathways is rarely explored. Our 
experiments indicate LPS induces Racl activation, and Racl 
mediates TLR4 expression. How Rac 1 is activated by TLRs needs 
further examination. We have not explored other TLR4 signaling 
pathways involving MyD88 or TRIF. Whether Racl activation 
following LPS treatment depends on MyD88 or TRIF requires 
further investigation [46]. We have not analyzed chemokine or 
cytokine expression, such as IL-6 or IL-1 alpha, which promote a 
proliferative and pro-inflammatory phenotype in human VSMCs 
[47] . Whether autocrine or paracrine mechanisms are involved in 
the activation of Racl by LPS/TLR4 signaling in VSMCs is 
unknown. Without using a TLR4 inhibitor or RNAi-mediated 
knock-down of TLR4, TLR4 independent effects caused by LPS 
remain unknown. Thus the TLR4 specificity of the increased 
proliferation seen after incubation of VSMCs with LPS could be 
verified. In all, the role of Racl in the TLR-signaling network 
requires further investigation. 



PLOS ONE | www.plosone.org 



7 



March 2014 | Volume 9 | Issue 3 | e92398 



Positive Regulation of Proliferation in VSMCs 



Acknowledgments 

Thanks for the technique support of Dr. Yang Liu. 



References 

1. Doran AC, Meller N, McNamara CA (2008) Role of smooth muscle cells in the 
initiation and early progression of atherosclerosis. Arteriosclcr Thromb Vase 
Biol 28: 812-819. ' 

2. Setacci G, Castelli P, Chiesa R, Grego F, Simoni GA, et al. (2012) Restenosis: a 
challenge for vascular surgeon. J Cardiovasc Surg (Torino) 53: 735-746. 

3. Kawai T, Akira S (201 1) Toll-like receptors and their crosstalk with other innate 
receptors in infection and immunity. Immunity 34: 637—650. 

4. Frantz S, Ertl G, BaucrsachsJ (2007) Mechanisms of disease: Toll-like receptors 
in cardiovascular disease. Nat Clin Pract Cardiovasc Med 4: 444-^54. 

5. Rice JB, Stoll LL, Li WG, Denning GM, Weydert J, et al. (2003) Low-level 
endotoxin induces potent inflammatory activation of human blood vessels: 
inhibition by statins. Arteriosclcr Thromb Vase Biol 23: 1576-1582. 

6. Edfeldt K, SwedenborgJ, Hansson GK, Yan ZQ,(2002) Expression of toll-like 
receptors in human atherosclerotic lesions: a possible pathway for plaque 
activation. Circulation 105: 1158-1161. 

7. Vink A, Schoneveld AH, van der Meer JJ, van Middelaar BJ, Sluijter JP, et al. 
(2002) In vivo evidence for a role of toll-like receptor 4 in the development of 
intimal lesions. Circulation 106: 1985-1990. 

8. Katsargyris A, Klonaris C, Bastounis E, Theocharis S (2008) Toll-like receptor 
modulation: a novel therapeutic strategy in cardiovascular disease? Expert Opin 
Ther Targets 12: 1329-1346. 

9. Li X, Tupper JC, Bannerman DD, Winn RK, Rhodes CJ, et al. (2003) 
Phosphoinositidc 3 kinase mediates Toll-like receptor 4-induced activation of 
NF-kappa B in endothelial cells. Infect Immun 71: 4414-4420. 

10. Zhu H, Shan L, Peng T (2009) Racl mediates sex difference in cardiac tumor 
necrosis factor-alpha expression via NADPH oxidase-ERKl/2/p38 MAPK 
pathway in endotoxemia. J Mol Cell Cardiol 47: 264—274. 

11. Arbibe L, Mira JP, Teusch N, Kline L, Guha M, et al. (2000) Toll-like receptor 
2-mediated NF-kappa B activation requires a Rac 1 -dependent pathway. Nat 
Immunol 1: 533-540. 

12. Li H, He Y, Zhang J, Sun S, Sun B (2007) Lipopolysaccharide regulates toll-like 
receptor 4 expression in human aortic smooth muscle cells. Cell Biol Int 31: 
831-835. 

13. Pi Y, Zhang LL, Li BH, Guo L, Cao XJ, et al. (2013) Inhibition of reactive 
oxygen species generation attenuates TLR4-mediated proinflammatory and 
proliferative phenotype of vascular smooth muscle cells. Lab Invest 93: 880-887. 

14. Yang X, Coriolan D, Murthy V, Schultz K, Golenbock DT, et al. (2005) 
Proinflammatory phenotype of vascular smooth muscle cells: role of efficient 
Toll-like receptor 4 signaling. Am J Physiol Heart Circ Physiol 289: HI 069- 
1076. 

15. Devaraj S, Tobias P, Jialal I (2011) Knockout of toll-like receptor-4 attenuates 
the pro-inflammatory state of diabetes. Cytokine 55: 441—445. 

16. Hayashi G, Papadopoulos G, Gudino GV, Weinberg EO, Barth KR, et al. 
(2012) Protective role for TLR4 signaling in atherosclerosis progression as 
revealed by infection with a common oral pathogen. J Immunol 189: 3681- 
3688. 

17. Li X,Jiang S, Tapping RI (2010) Toll-like receptor signaling in cell proliferation 
and survival. Cytokine 49: 1-9. 

18. Brown J, Wang H, Hajishengallis GN, Martin M (2011) TLR-signaling 
networks: an integration of adaptor molecules, kinases, and cross-talk. J Dent 
Res 90: 417-127. 

19. Fukao T, Koyasu S (2003) PI3K and negative regulation of TLR signaling. 
Trends Immunol 24: 358—363. 

20. Maitra U, Singh N, Gan L, Ringwood L, Li L (2009) IRAK-1 contributes to 
lipopolysaccharide -induced reactive oxygen species generation in macrophages 
by inducing NOX-1 transcription and Racl activation and suppressing the 
expression of antioxidative enzymes. J Biol Ghem 284: 35403-35411. 

21. Gosu V, Basith S, Durai P, Choi S (2012) Molecular evolution and structural 
features of IRAK family members. PLoS One 7: c49771. 

22. Bedard K, Krause KH (2007) The NOX family of ROS-generating NADPH 
oxidases: physiology and pathophysiology. Physiol Rev 87: 245-313. 

23. Miyake H, Maeda K, Asai N, Shibata R, Ichimiya H, et al. (201 1) The actin- 
binding protein Girdin and its Akt-mediated phosphorylation regulate neointima 
formation after vascular injury. Circ Res 108: 1170—1179. 

24. Yung HW, Charnock-Jones DS, Burton GJ (2011) Regulation of AKT 
phosphorylation at Ser473 and Thr308 by endoplasmic reticulum stress 
modulates substrate specificity in a severity dependent manner. PLoS One 6: 
el7894. 

25. Perez J, Hill BG, Benavides GA, Dranka BP, Darley-Usmar VM (2010) Role of 
cellular bioenergetics in smooth muscle cell proliferation induced by platelet- 
derived growth factor. BiochemJ 428: 255-267. 

26. Hattori Y, Hattori S, Kasai K (2003) Lipopolysaccharide activates Akt in 
vascular smooth muscle cells resulting in induction of inducible nitric oxide 
synthase through nuclear factor-kappa B activation. EurJ Pharmacol 481: 153— 
158. 



Author Contributions 

Conceived and designed the experiments: DL. Performed the experiments: 
DJ LC LW. Analyzed the data: DJ. Contributed re agents /materials/ 
analysis tools: DL SZ TX CW DP. Wrote the paper: DL DJ. 



27. Lin FY, Chen YH, Tasi JS, Chen JW, Yang TL, et al. (2006) Endotoxin induces 
toll-like receptor 4 expression in vascular smooth muscle cells via NADPH 
oxidase activation and mitogen-activated protein kinase signaling pathways. 
Arteriosclcr Thromb Vase Biol 26: 2630-2637. 

28. Miyano K, Koga H, Minakami R, Sumimoto H (2009) The insert region of the 
Rac GTPascs is dispensable for activation of superoxide-producing NADPH 
oxidases. BiochemJ 422: 373-382. 

29. Lee MY, San Martin A, Mehta PK, Dikalova AE, Garrido AM, et al. (2009) 
Mechanisms of vascular smooth muscle NADPH oxidase 1 (Noxl) contribution 
to injury- induced neointimal formation. Arteriosclcr Thromb Vase Biol 29: 480- 
487. 

30. Murga C, Zohar M, Teramoto H, GutkindJS (2002) Racl and RhoG promote 
cell survival by the activation of PI3K and Akt, independently of their ability to 
stimulate JNK and NF-kappaB. Oncogene 21: 207-216. 

31. Weidcmann A, Breyer J, Rehm M, Eckardt KU, Daniel C, et al. (2013) HIF- 
1 alpha activation results in actin cytoskeleton reorganization and modulation of 
Rac-1 signaling in endothelial cells. Cell Commun Signal 11: 80. 

32. Diebold I, Djordjevic T, Hess J, Gorlach A (2008) Rac-1 promotes pulmonary 
artery smooth muscle cell proliferation by upregulation of plasminogen activator 
inhibitor- 1: role of NFkappaB-dependent hypoxia-inducible factor- 1 alpha 
transcription. Thromb Hacmost 100: 1021-1028. 

33. Meng D, Lv DD, Fang J (2008) Insulin-like growth factor-I induces reactive 
oxygen species production and cell migration through Nox4 and Racl in 
vascular smooth muscle cells. Cardiovasc Res 80: 299-308. 

34. Li S, Wang Q, Wang Y, Chen X, Wang Z (2009) PLC-gammal and Racl 
coregulate EGF-induced cytoskeleton remodeling and cell migration. Mol 
Endocrinol 23: 901-913. 

35. Lin ML, Lu YC, Chen HY, Lec CG, ChungJG, et al. (2012) Suppressing the 
formation of lipid raft-associatcd Racl/PI3K/Akt signaling complexes by 
Curcumin inhibits SDF-1 alpha-induced invasion of human esophageal carcino- 
ma cells. Mol Carcinog. 

36. Sanlioglu S, Williams CM, Samavati L, Butler NS, Wang G, et al. (2001) 
Lipopolysaccharide induces Racl -dependent reactive oxygen species formation 
and coordinates tumor necrosis factor-alpha secretion through IKK regulation 
of NF-kappa B.J Biol Chcm 276: 30188-30198. 

37. Ohkawara H, Ishibashi T, Shiomi M, Sugimoto K, Uekita H, et al. (2009) RhoA 
and Racl changes in the atherosclerotic lesions of WHHLMI rabbits. 
J Atheroscler Thromb 16: 846-856. 

38. Kong G, Lee S, Kim KS (2001) Inhibition of racl reduces PDGF-induced 
reactive oxygen species and proliferation in vascular smooth muscle cells. 
J Korean Med Sci 16: 712-718. 

39. Kumcrz M, Heiss EH, Schachner D, Atanasov AG, Dirsch VM (2011) 
Resveratrol inhibits migration and Racl activation in EGF- but not PDGF- 
activated vascular smooth muscle cells. Mol Nutr Food Res 55: 1230-1236. 

40. Wu J, Meng J, Du Y, Huang Y, Jin Y, ct al. (2013) RACK1 promotes the 
proliferation, migration and invasion capacity of mouse hepatocellular 
carcinoma cell line in vitro probably by PI3K/Racl signaling pathway. Biomed 
Pharmacother 67: 313-319. 

41. Zhang LJ, Tao BB, Wang MJ, Jin HM, Zhu YC (2012) PI3K pllOalpha 
isofbrm-dependent Rho GTPasc Racl activation mediates H2S-promoted 
endothelial cell migration via actin cytoskeleton reorganization. PLoS One 7: 
e44590. 

42. Chen BC, KangJC, Lu YT, Hsu MJ, Liao CC, et al. (2009) Racl regulates 
peptidoglycan-induced nuclear factor-kappaB activation and cyclooxygcnase-2 
expression in RAW 264.7 macrophages by activating the phosphatidylinositol 3- 
kinase/Akt pathway. Mol Immunol 46: 1 179-1 188. 

43. de Graaf R, Kloppenburg G, Kitslaar PJ, Bruggcman CA, Stassen F (2006) 
Human heat shock protein 60 stimulates vascular smooth muscle cell 
proliferation through Toll-like receptors 2 and 4. Microbes Infect 8: 1859-1865. 

44. He Z, Gao Y, Deng Y, Li W, Chen Y, et al. (2012) Lipopolysaccharide induces 
lung fibroblast proliferation through Toll-like receptor 4 signaling and the 
phosphoinositidc3-kinasc-Akt pathway. PLoS One 7: e35926. 

45. Lu Z, Zhang X, Li Y, Jin J, Huang Y (2013) TLR4 antagonist reduces early- 
stage atherosclerosis in diabetic apolipoprotein E-dcficicnt mice. J Endocrinol 
216: 61-71. 

46. Shcn Y, Kawamura I, Nomura T, Tsuchiya K, Hara H, ct al. (2010) Toll-like 
receptor 2- and MyD88-dependent phosphatidylinositol 3-kinase and Racl 
activation facilitates the phagocytosis of Listeria monocytogenes by murine 
macrophages. Infect Immun 78: 2857—2867. 

47. Schultz K, Murthy V, Tatro JB, Beasley D (2007) Endogenous interlcukin- 1 
alpha promotes a proliferative and proinflammatory phenotype in human 
vascular smooth muscle cells. Am J Physiol Heart Circ Physiol 292: H2927- 
2934. 



PLOS ONE | www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e92398 



